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Total elbow arthroplasty (TEA) has been successfully used for treating complex distal humeral fractures.\[[@ref1]\] The prevalence of TEA in the USA is surging, with a 248% increase in primary arthroplasty and a 500% increase in revision arthroplasty during the past few years. In addition, the annual rate for revision surgery is reported to be as high as 12.8%.\[[@ref2]\] Studies have shown that TEA has the same efficacy for treating distal humeral fractures as open reduction and internal fixation in terms of both short- and long-term outcomes.\[[@ref3]\] However, similar to the complications surrounding knee or hip prostheses, infection and aseptic loosening are the main concerns of TEA with long-term use.\[[@ref4]\] The bone loss subsequent to infection or loosening is more catastrophic in the elbow. The infection, which is usually detected on average at 45 months, is insidious.\[[@ref5]\] In addition, the ulnar is much thinner than the femur or tibia, making revision surgery more difficult. Finally, in the Chinese population, the most commonly used ulnar prosthesis size is extra small (XS),\[[@ref6]\] making it impossible to insert a larger prosthesis during revision surgery.

Several methods have been developed to deal with massive bone defects during revision surgery. Surgeons have tried using an allograft-prosthesis composite to repair the bone defect;\[[@ref7]\] however, the associated complication rate is rather high. Complex surgical steps also bring more injury, thus increasing soft tissue-related complications. Autografting with the iliac crest bone is an another method that has been successfully used in revision TEA; however, the experience is limited and complications related to the bone harvest site are inevitable.\[[@ref8]\] Arthrodesis has also been tried in patients with deep infection as a salvage solution; unfortunately, the outcome has been poor, with none of the reported patients achieving bony union.\[[@ref9]\] Resection arthroplasty is an another method that has been utilized; however, most patients receiving this surgery have fair or poor long-term results; thus, the authors have suggested that it should only be considered when all other attempts have failed.\[[@ref10]\]

We have developed a novel method for TEA revision surgery, involving the insertion of the ulnar part of the prosthesis into the radius, which has not yet been reported worldwide. This method could maintain flexion and extension of the elbow joint without further damage to the soft tissue. It is an effective treatment for TEA revision with a massive bone loss in the proximal ulna due to infection or aseptic loosening. We have practiced this method in the clinic for selected patients and, herein, analyze the surgical outcomes and complications associated with this novel surgery.
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We retrospectively evaluated four patients treated with this method at our hospital between 2013 and 2016. The indication for the surgery included the need for TEA revision, massive bone loss in the proximal ulna, poor soft-tissue condition, and a relatively intact radius. Three patients had a periprosthetic infection, and one had aseptic loosening. All surgeries were conducted by the same surgical team. The study protocol was approved by the Hospital Ethics Committee. Patients were informed of possible complications, and written consents were obtained before the operation.

Patients' demographic data and perioperation information, including age, sex, reason for injury, and surgery times, were collected. Follow-up was conducted in an outpatient clinic. A radiograph was obtained 3 months after the operation, and further follow-up was conducted through a phone call.

Surgical technique {#sec2-1}
------------------

The Coonrad-Morrey elbow prosthesis was used for all patients during the revision surgery. For patients who suffered from a periprosthetic infection, a two-stage method was used. The first step involved the removal of the previous prosthesis with full debridement. Cement containing vancomycin was inserted to fill the cavity as a temporary spacer, and oral antibiotics were given to the patients as well. After 3 months, when the C-reactive protein, erythrocyte sedimentation rate, and white blood cell count were normal, the second surgery was performed. During the revision surgery, the patient was put in the supine position, and an incision was made through a posterior approach along the previous surgical scar. The ulnar nerve was first identified and protected during surgery. The cement was taken out, and the local soft-tissue scar and stiffened joint capsule were also incised to release the joint. The humeral was dealt with first as previously described.\[[@ref6]\] As to the forearm, we performed osteotomy in the proximal 1 cm of the radius, thus no need to isolate the radial nerve existed, as the nerve was wrapped around the radius neck. After inserting the prosthesis fitting, we maintained the forearm in the neutral position and balanced the tension and range of motion (ROM). Then, we inserted the ulnar prosthesis into the radius with antibiotic-containing cement. Unlike in standard procedure, we chose to insert the contralateral side of the ulnar prosthesis into the radius because the radius has a reverse curve as compared with the ulna. The forearm was maintained in the neutral position after the operation. The elbow was held in 90° flexion by a cast for 3 weeks, and patients were encouraged to perform passive supervised movements. After 3 weeks, they were allowed to perform active flexion and extension. Patients were advised to permanently avoid lifting \>1 kg on a repetitive basis or 5 kg in a single event.
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The patients included three males and one female, with an average age of 55 years (48--60 years), 5 (3--8) surgeries per person on average, and an average time interval between fracture and TEA revision of 13 years (3--32 years). Bone loss of the proximal ulna before TEA revision was categorized as previously described,\[[@ref11]\] and all patients had a Grade III bone defect distal to the previous prosthesis. For patients with a periprosthetic infection, the two-stage method was used. The average surgery time for the revision TEA was 211 min (150--300 min).

A 56-year-old male suffered a complicated distal humeral fracture and received TEA 33 years ago (case 1). Local pain and tenderness were felt after a minor injury, and purulent discharge was found around the elbow joint 1 year later. At the time the patient came to our hospital, the flexion-extension ROM was 70--20°, and the pronation-supination ROM was −10 to 10°. He received a two-stage TEA revision surgery with an ulnar prosthesis in the radius. At the last follow-up session, the patient reported a painless elbow joint with an almost complete restoration in ROM. The main complaints were triceps weakness and slight feeling of instability \[Figures [1](#F1){ref-type="fig"}--[4](#F4){ref-type="fig"}\].

![Radiographs of the elbow of patient who underwent the revision total elbow arthroplasty (case 1). The preoperation anterior-posterior view (a) and lateral view (b). The malposition of the ulnar prosthesis is indicated within the lucent line. A massive bone defect in the proximal ulna distal to prosthesis can be seen.](CMJ-129-1917-g001){#F1}

![Photos of the debridement of patient who underwent the revision total elbow arthroplasty. (a) A sinus posterior to the elbow joint. (b) The loose implant, surrounded by necrotic tissue, was found and removed.](CMJ-129-1917-g002){#F2}

![Radiographs of the elbow taken after the first step of revision surgery. Anterior-posterior view (a) and lateral view (b). Antibiotic-containing cement and K-wires were inserted as a temporary spacer.](CMJ-129-1917-g003){#F3}

![Radiographs and photos taken 3 months after the operation of the revision total elbow arthroplasty and radiographs of the elbow taken 3 months after the surgery. The anterior-posterior view (a) and lateral view (b). The ulnar prosthesis was inserted into the radius. A bone union was found between the proximal ulna and radius. (c and d) Body images taken 3 months after the operation, the patient had a good range of motion compared with the normal side.](CMJ-129-1917-g004){#F4}

A 58-year-old male had an open complicated distal humeral fracture 10 years ago (case 2). One month after the accident, the patient received a TEA but did not regain full ROM after the operation. The prosthesis worked well until 2 years ago when the patient felt local swelling with decreased ROM. A deep infection was confirmed using radiological and pathological evidence. The patient received a two-stage TEA revision. Due to the proximal ulna bone defect, we inserted the ulnar prosthesis into the radius. The patient had a transient radial neuritis.

A 60-year-old female received an open reduction and internal fixation due to an olecranon fracture and a radial head resection due to a radial head fracture 8 years ago (case 3). Because the elbow was still stiff after massive physiotherapy, she received TEA 4 years later. However, after the TEA, stiffness and fever still bothered her, and she underwent debridement three times. During the second debridement, the prosthesis was changed at one stage, but infection recurred. When she came to us in 2013, the flexion-extension ROM was 10--90°, and pronation-supination ROM was −10 to 10°. We initiated a two-stage TEA revision with an ulnar prosthesis in the radius; however, the proximal humeral shaft broke when we tried to remove the humeral prosthesis. Conservative treatment for the fracture was offered, and after 3 months, a plate was placed in the humerus to fix the fracture site at the same time of the TEA revision surgery. The patient reported a painless, functional elbow joint after the operation. A temporary ulnar neuritis with numbness in the lateral two fingers was experienced; however, symptoms had subsided 1 year after the operation.

A 48-year-old male had an open elbow fracture due to a car accident in 2013 (case 4). An external fixator was temporarily used for 2 months. The patient received an open reduction and internal fixation with an autograft from the iliac crest. However, loosening of the internal fixation occurred 2 months later with screw malposition. When the patient came to us, he had a decreased ROM (flexion to extension: 45--120°) and local tenderness. We performed TEA and released the elbow joint, but aseptic loosening was found 3 months later. Due to a massive bone defect in the proximal ulna, we performed TEA revision surgery and inserted an ulnar prosthesis into the radius. The patient regained the same ROM as experienced preoperation, and no complications, such as ulnar neuritis or triceps weakness, were found.
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The long-term survival rate of elbow arthroplasty is still lower than that for hip or knee arthroplasty,\[[@ref12]\] and almost half of the patients need revision surgery within 10 years.\[[@ref13]\] Bone defects are a critical problem in arthroplasty because both humerus and ulna are smaller than the femur and tibia. Furthermore, less bone storage exists in the ulna, thus making it more difficult to stabilize the prosthesis during revision surgery. Several methods have been suggested for patients with a massive bone defect, including an allograft-prosthesis composite, autograft from the iliac crest, arthrodesis, resection arthroplasty, and Ilizarov frame;\[[@ref7][@ref9][@ref11][@ref14][@ref15]\] however, none of these methods is completely satisfactory. The three methods for reconstruction using allograft-prosthesis composite, all have complex steps; thus, patients suffer from a high complication rate as well as risk for nonunion in the long-term.\[[@ref16]\] The intricate surgery and large volume of the implant also increase infection rate, especially for patients with a periprosthetic infection. Simple procedures such as arthrodesis and resection arthroplasty are safe and quick; however, they are destructive solutions, with patients having to lose complete elbow function.

Inserting the ulnar prosthesis into the radius is a novel method for the reconstruction of an artificial elbow joint. The indication for this surgery includes: (1) massive bone loss in the proximal ulna, thus requiring a revision surgery; (2) the radius is relatively intact with good bone stock; and (3) the patient wants to regain flexion and extension of the elbow joint at the expense of sacrificing forearm rotation. The contraindications include active infection, joint neuropathy, and excessive skin scarring. The procedure is similar to the primary arthroplasty, with difference being that the operation is mainly focused on the radius instead of the ulna. The average surgical time is around 3 h (211 min). From our clinical experience, all patients could regain flexion and extension ROM of the elbow postoperation. During follow-up, no complications such as periprosthetic infection or loosening recurred, which is greatly improved compared with a previous report.\[[@ref17]\] Furthermore, for patients who underwent numerous prior surgeries (eight times at most), no soft tissue-related complications, including wound infection or skin necrosis, occurred. During the last follow-up session, all patients reported having a painless functional elbow joint. Thus, in our experience, this surgery has proven to be a safer, rapid, and less invasive method for patients with a massive bone defect compared with other methods.

There are several surgical considerations and techniques involved in inserting the ulnar prosthesis into the radius as outlined in the following: (1) surgery is indicated for patients who have had several surgeries in the past, leaving a massive bone defect in the proximal ulna, to which the prosthesis is unable to fix, and a poor soft-tissue condition such that the prosthesis is barely covered. Therefore, this method should be provided to patients as a salvage procedure, not as the first choice for revision surgery. (2) The XS size for the ulnar prosthesis of the contrary side must be chosen as this shape and size just fit the radius medullary cavity, and usually does not require further bending. Size is not a problem in the Chinese population, because even in the primary TEA, most patients can only receive an XS or smaller.\[[@ref3][@ref6]\] (3) Given that the radius is connected to the elbow for improved extension and flexion, the rotation function of the radius is sacrificed. We usually put the forearm in the neutral position. No obvious functional disability has been reported as most of the patients already had a stiff elbow before the operation. (4) Due to the loss of an anatomical landmark, the insertion depth is not reliable. We prefer inserting the prosthesis fitting and trying to move the elbow to feel the tension, which requires surgeons with sufficient experience in primary TEA.

Periprosthetic infection is difficult to eradicate, especially in the elbow joint. A deep infection is insidious and could happen 1 year after the operation.\[[@ref18]\] Although surgeries such as cemented arthrodesis have been reported,\[[@ref19]\] a two-stage revision is the most popular treatment for an infected TEA, with 26 out of 33 (76%) patients who underwent a two-stage revision reported to have successfully recovered from infection.\[[@ref20]\] These results are consistent with the current study as no infections recurred after the two-stage surgery. For patients with a massive bone defect in the proximal ulna, arthrodesis appears to be an another possible solution; however, the outcome has been poor, and elbow function is lost and cannot be compensated through shoulder motion.\[[@ref21]\] A study on the complications of arthrodesis showed that the infection rate of revision TEA is twice that of a primary TEA.\[[@ref22]\] Wound problems are another common complication after arthroplasty,\[[@ref23]\] with a reported rate as high as 5.5%. Furthermore, 27% of delayed healing or wound hematoma progresses into a deep infection.

Compared with other methods for dealing with a massive bone defect, this novel surgery is much safer. It could, to the greatest extent possible, preserve soft tissue and avoid infection. Because these patients have already had several surgeries, there was very little healthy skin and soft tissue left. Inserting a large prosthesis in a relatively small volume of soft tissue has a high risk of infection, especially for patients with a prior periprosthetic infection. From the past experience, the most common complication of an allograft-prosthesis surgery is reinfection.\[[@ref16]\] Our surgical method involves less soft-tissue trauma, is simpler procedure requiring less surgery time, and the bone marrow cavity of the radius is theoretically a completely clean environment, which could prevent periprosthetic infection after the operation.

There are several drawbacks associated with our surgical method. Loss of pronation and supination is the most obvious drawback. However, this does not cause many complaints as most patients have already lost forearm rotation due to a stiffened elbow before the operation. Furthermore, a well-functioning shoulder can compensate for part of the loss in forearm rotation. Another issue concerning our surgical method is that it is not an anatomical reconstruction. The radius is smaller than the ulna proximally and is mainly worked during forearm rotation. After we insert the prosthesis into the radius, it becomes a part of the flexion and extension mechanism, which will bring extra abnormal stress. In our current study, no aseptic loosening or periprosthetic fractures were found; however, the relative short follow-up may have contributed to this finding. On the other hand, patients were told to strictly restrict forearm weight-bearing, decreasing stress on the radius. Finally, our surgical method is still a salvage procedure for patients unable to receive the standard revision TEA and a longer follow-up is needed.

In conclusion, inserting an ulnar prosthesis into the radius is a new method for TEA revision surgery. It is indicated for patients with a massive bone defect in the proximal ulna due to infection or aseptic loosening. Although patients lose forearm rotation, all have regained painless and functional elbows as assessed in the short-term. This surgical method should be considered a salvage procedure for patients with a nonreconstructable ulnar bone defect.
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